
.. 
1 NASA TM X-26 

TECHNICAL MEMORANDUM 
X - 2 6  

DESIGN GUIDE FOR PITCH-UP EVALUATION AND INVESTIGATION 

AT HIGH SUBSONIC SPEEDS O F  POSSIBLE LlMITATIONS 

DUE TO WING-ASPECT-RATIO VARIATIONS 

By Kenneth P. Spreemann 

Langley Research Center 
Langley Field, Va. 

Declassified July 11, 1961 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

WASHINGTON August 1959 



. 

J 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TEKX"NCAL MEMORANDUM x-26 

DESIGN GUIDE FOR PITCH-UP EVALUATION AND INVESTIGATION 
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DUE TO WING-ASPECT-RATIO VARIATIONS 

By Kenneth P. Spreemann 

SUMMARY 

A design guide i s  suggested as a bas is  f o r  indicat ing combinations 
of a i rp lane  design var iab les  f o r  which the  p o s s i b i l i t i e s  of pitch-up 
are minimized f o r  tail-behind-wing and t a i l l e s s  a i rp lane  configurations.  
The guide spec i f ies  wing plan forms t h a t  would be expected t o  show 
increased t a i l -o f f  s t a b i l i t y  with increasing lift and plan forms t h a t  
show decreased t a i l -o f f  s t a b i l i t y  with increasing l i f t .  Boundaries 
indicat ing tail-behind-wing posi t ions t h a t  should be considered along 
with given t a i l -o f f  cha rac t e r i s t i c s  a l s o  a r e  suggested. 

An invest igat ion of one possible l imi ta t ion  of t he  guide with 
respect  t o  the  e f f ec t s  of wing-aspect-ratio var ia t ions  on the  contribu- 
t i o n  t o  s t a b i l i t y  of a high t a i l  has been made i n  the  Langley high-speed 
7- by 10-foot tunnel through a Mach number range from 0.60 t o  0.92. The 
measured pitching-moment character is t ics  were found t o  be cons is ten t  
with those of t he  design guide through the l i f t  range f o r  aspect r a t i o s  
from 3.0 t o  2.0. However, a configuration with an aspect r a t i o  of 1.55 
f a i l e d  t o  provide the  predicted pitch-up warning characterized by sharply 
increasing s t a b i l i t y  a t  the  high l i f t s  following the  i n i t i a l  s t a l l  before 
pi tching up. Thus, it appears t h a t  the  design guide presented herein 
might not be applicable when the wing aspect r a t i o  is  lower than about 
2.0. 

INTRODUCTION 

The phenomenon of longi tudinal  i n s t a b i l i t y  a t  high l i f t  and the  
associated probabi l i ty  of an xndesirable divergence, commonly re fer red  



to as pitch-up, have presented a complex problem to designers of high- 
speed airplanes for many years. Generally, the designer is faced with 
the following considerations: 
out for which pitch-up is unlikely or, at least, not severe, (2) evaluate 
the possible severity of the motion by means of a dynamic analysis of the 
type outlined in reference 1, and (3) if undesirable behavior is associ- 
ated with the particular design that appears to be the best compromise 
of all requirements, provide sufficient artificial stabilization to mini- 
mize pitch-up as a problem. 

(1) try to arrive at an aerodynamic lay- 

The present paper deals primarily with the first of these consider- L 
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ations. The objectives are twofold: first, to present a design guide 4 
(based on a considerable background of experience) to indicate combina- 
tions of design variables for which the possibilities of pitch-up are 
minimized; and second, to investigate one possible limitation of the 
guide with respect to the effect of wing-aspect-ratio variations on the 
tail contribution. The design guide presented is limited in applicability 
because the background information considered is predominately from inves- 
tigations concerned with fighter airplanes having wings with rather low 
aspect ratios and being of the tailless or tail-behind-wing types. The 
results, therefore, have their most direct application to such configu- 
rations having aspect ratios from about 2 to 5. 

COEFFICIENTS AND S W L S  

Figure 1 shows the stability system of axes employed for data pres- 
entation with arrows indicating positive directions of forces, moments, 
and angles. The coefficients and symbols used are defined as follows: 

cL 

cD 

lift coefficient, Lift/qS 

drag coefficient, Drag/qS 

c?rl pitching-moment coefficient, Pitching moment/qSE 

9 

maximum lift coefficient 

dynaqic pressure, pV2/2, lb/sq ft 

P rnass density of air, slugs/cu ft 

v free -s tream velocity , ft /sec 
I.I Mach number 
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S surface area,  s q  f t  

b span, f t  

C l o c a l  chord p a r a l l e l  t o  plane of symmetry, f t  

- 
C 

X 

r 

A 

h 

%/4 

mean aerodynamic chord, 2 S /Ob/2 c2dy, f t  

mean aerodynamic chord of v e r t i c a l  t a i l ,  f t  

t a i l  length (distance between quarter-chord points  of wing and 
hor izonta l - ta i l  mean aerodynamic chords), f t  

afterbody dis tance along body axis, f t  

spanwise dis tance from plane of symmetry on wing, f t  

t a i l  posi t ion (height of t a i l  above wing chord plane) ,  f t  

diameter, in .  

radius ,  in .  

aspect r a t i o ,  b2/S 

angle of sweep, deg 

angle of sweep of l i f t ing-surface quarter  chord, deg 

A taper r a t i o ,  Tip chord/Root chord 

R Reynolds number 

a angle of a t tack,  deg 

i angle of incidence of f ixed surface,  deg 

E downwash angle induced by wing-fuselage combination, deg 

- a, - -  
E% ac, 

c 



4 

Subscripts : 

max maximum 

t horizontal  t a i l  

b model base 

Abbreviations : 

c.g. center-of-gravity locat ion 

W wing 

F fuselage 

V v e r t i c a l  t a i l  

H horizontal  t a i l  

DESIGN GUIDE FOR PITCH-UP EVALUATION 

Wing and Wing-Fuselage Combinations 

The problem of pitching-moment nonl inear i ty  a t  high l i f t  coef f i -  
c i en t s  f o r  wings and wing-fuselage combinations has been studied by 
numerous invest igators .  For the  most pa r t ,  cor re la t ions  have been made 
i n  terms of the  wing sweep angle and aspect r a t i o ,  w i t h  varying degrees 
of consideration given t o  the  taper  r a t i o .  Wing-thickness e f f ec t s  nor- 
mally have been neglected, although the s tudies  usually have been l imited 
t o  wings t h a t  a r e  t h i n  enough t o  avoid any s ign i f i can t  moment breaks due 
t o  thickness within the  Mach number range investigated.  Effects of cam- 
ber,  t w i s t ,  cranked plan forms, or  any of the local ized wing modifica- 
t i ons ,  such as fences, leading-edge extensions, or notches, have not been 
t rea ted  i n  any generalized sense. Such devices, though frequently very 
e f f ec t ive  i n  improving pitching-moment l i n e a r i t y ,  normally must be 
t a i lo red  t o  the  spec i f ic  wing i n  question. 
such s tudies  have been reported.  
r e s u l t s  on wings alone or  on wing-fuselage combinations may be used in t e r -  
changeably, insofar  as pitching-moment l i n e a r i t y  is  concerned. This 
appears t o  be j u s t i f i e d  f o r  configurations having the  proportions of 
manned a i r c r a f t  i n  the  subsonic and transonic speed ranges. 

A considerable number of 
It a l s o  has been comonly assumed t h a t  
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An invest igat ion ( r e f .  2) i n  which some ra the r  extreme changes i n  
forebody geometry were made showed l i t t l e  e f f e c t  on the nature of the 
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moment breaks or  on the  angle of a t t ack  a t  which they occurred, but  it 
indicated s igni f icant  e f f ec t s  a t  angles of a t tack  w e l l  beyond the  i n i t i a l  
moment breaks. For missi le  configurations, having la rge  bodies i n  com- 
parison w i t h  the  s i z e  of the  wings, the  fuselage cha rac t e r i s t i c s  may be 
predominant and, consequently, cannot be ignored. Some evidence e x i s t s  
which indicates  that  a tendency toward a s i m i l a r  s i t ua t ion  may apply t o  
supersonic-airplane configurations. (See r e f .  3 .  ) 

Several of t he  cor re la t ion  boundaries t h a t  have been presented i n  
the  l i terature are summarized i n  f igure  2. A l l  a r e  given i n  terms of 
coordinates of aspect r a t i o  and sweep angle and i n  each instance t h e  
area above and t o  the right of the  curve is characterized by decreased 
s t a b i l i t y  a t  t he  higher l i f t  coeff ic ients ;  whereas, the  area below and 
t o  the l e f t  of t he  curve is characterized by increased s t a b i l i t y  a t  high 
l i f t .  The range of da ta  considered and the spec i f ic  in te rpre ta t ion  of 
each of t he  boundaries d i f fe r ,  however, as w i l l  be explained i n  the  
following paragraphs. 

The o ldes t  and most widely known of t he  boundaries is  that labeled 
@ " i n  f igu re  2 and given by Shortal  and Maggin (ref. 4 ) .  Though based 

on only a l imited amount of law-speed t e s t  data, it has served as a use- 
f u l  design c r i t e r i o n  f o r  many years.  
changes i n  the  v i c i n i t y  of maximum lift, without regard t o  slope changes 
i n  the  intermediate l i f t  range. Information obtained a t  a later date 
on more highly tapered wings showed that when a t t en t ion  w a s  s t i l l  con- 
f ined t o  nonl inear i t ies  near maximum l i f t ,  a r a the r  large e f f ec t  of 
taper  w a s  indicated.  
an empirical  expression f o r  low-speed boundasies i n  which the taper  r a t i o  
entered as a var iab le .  The boundary evolved f o r  A = 0 is  indicated 
i n  figure 2 as the curve labeled 

Shortal-Maggin boundary w a s  indicated for untapered w i n g s .  

This boundary considers moment 

Consequently, Furlong and McHugh (ref .  5 )  proposed 

@ .I1 No s igni f icant  change from the 

A s  wind-tunnel experience increased i n  the  high subsonic and tran- 
sonic speed range, the phenomenon of shock s t a l l  and the associated 
center-of-pressure changes were seen t o  impose l imi ta t ions  on the  appl i -  
c a b i l i t y  of the boundaries derived from low-speed data. Studies made by 
Weil and Gray of the  l imited amount of high-speed data avai lable  i n  1953 
l ed  t o  the proposal of a ten ta t ive  boundary applicable t o  transonic 
speeds ( re f .  6 ) .  This boundary, labeled "@"  i n  f igure  2, showed t h a t  
i n  order t o  avoid s t a b i l i t y  reductions a t  the  higher speeds, values of 
aspect r a t i o  and sweep angle considerably lower than those indicated by 
the  low-speed boundaries were required. The r e s u l t s  ava i lab le  were 
insuf f ic ien t  t o  es tab l i sh  an e f f e c t  of taper  r a t i o ,  and the  t r u e  s ign i f -  
icance of the  boundary as t o  the l i f t  coef f ic ien ts  a t  which the  moment 
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changes occurred was not c l ea r ly  defined. 
out the  r e l a t ion  of t h e i r  boundary t o  t a i l  posi t ion.  That is ,  wings 
represented by combinations of aspect r a t i o  and sweep angle i n  t h e  area 
above and t o  the r i g h t  of the  boundary probably could be used with a 
very low t a i l ;  whereas a very high t a i l  may be f eas ib l e  i f  wings repre- 
sented by the  area below and t o  the  l e f t  of the  boundary a re  used. 

Weil and Gray ( re f .  6) pointed 

This viewpoint inspired a systematic program aimed a t  def ining the  
t a i l -o f f  boundary more precisely and indicat ing f a i r l y  spec i f ic  areas 
where the  t a i l  might be located. The resu l t ing  ta i l -of f  boundary as 
proposed by Few and Fournier i n  reference 7 i s  the  curve labeled " @ I '  

i n  f igure  2. 
and the boundary was established t o  separate plan forms showing a t  any 
pos i t ive  l i f t  coef f ic ien t  below CL,- a value of aCm/aCL l e s s  neg- 

showing a value of 
CL = 0. 
useful r e l a t i o n  t o  the  requirements f o r  t a i l  pos i t ion  than a boundary 
determined by moment changes only near CL,max. The boundary obtained 
i s  almost i den t i ca l  t o  t h a t  proposed i n  reference 6 by Weil and Gray; 
however, the addi t ional  r e s t r i c t i o n  t h a t  appl icat ion should be l imited 
t o  highly tapered wings (A from 0 t o  0.4) has been imposed. 
higher values of A were found t o  exhibi t  ra ther  e r r a t i c  nonl inear i t ies  
a t  high l i f t  and, therefore,  w e r e  not well adapted t o  cor re la t ion  on a 
simplified bas is .  

I n  t h i s  case, extensive transonic data  were considered, 

I a t i v e  than t h a t  a t  CL = 0 (area abpve boundary) from plan forms 
aCdbC, more negative a t  pos i t ive  l i f t  than a t  

A boundary defined i n  t h i s  manner was considered t o  bear a more 

Wings having 

T a i l  Position 

The curve labeled ' I @ "  i n  figure 2 provides the  bas i s  f o r  wing 
se lec t ion  i n  the design chart  given i n  f igure  3(a). 
proposed by Few and Fournier i n  reference 7, which has been adopted f o r  
the  present cor re la t ion  since the  configuration l imi ta t ions  imposed i n  
reference 7 a r e  adaptable t o  the bulk of data  avai lable  on the  e f f e c t s  
of wing-aspect-ratio var ia t ions on the  t a i l  contribution t o  s t a b i l i t y ,  
with which the  present invest igat ion i s  pa r t ly  concerned. This boundary 
has been extended t o  lower aspect r a t i o s  than those presented i n  r e fe r -  
ence 7, with the  extension based on data  of other invest igat ions such 
as references 8 and 9.  
pitching-moment contribution associated with any given design i s  governed 
by a la rge  nwnber of fac tors ,  any attempt t o  simplify the  problem of t a i l -  
posi t ion se lec t ion  t o  a simple chart  procedure may seem unjus t i f ied .  
is  a l s o  t rue ,  however, t h a t  suf f ic ien t  knowledge of a l l  contr ibut ing 
fac tors  i n  combination, which would be necessary i n  a rigorous approach 
t o  the problern, i s  not l i k e l y  t o  be at ta ined.  The provision of a simple 

This i s  the  boundary 

Since the  l i n e a r i t y  of t he  hor izonta l - ta i l  

It 

L 
4 
2 
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. design guide, with a reasonable appreciat ion of i t s  meaning and limita- 
t ions ,  therefore ,  should serve a usefu l  purpose. I n  the  various attempts 
t h a t  have been made t o  e s t ab l i sh  boundaries f o r  t a i l  posindi3n, l i t t l e  
consideration has been given t o  fuselage geometry. A s  has been noted 
with regard t o  t a i l - o f f  charac te r i s t ics ,  t he  o r ig in  of non l inea r i t i e s  
i n  the  t a i l  contr ibut ion appears t o  be determined pr imari ly  by the  wing 
geometry and t a i l  posi t ion,  although a t  higher angles of a t t ack  fuselage 
forebody geometry seemingly plays an important p a r t  i n  t he  magnitude of 
the  deviat ions from pitching-moment l i n e a r i t y  ( r e f .  2 ) .  It should be 
noted t h a t  f o r  some unusual cases ( r e f .  10) t he  e f f e c t  of t he  fuselage 
afterbody may be of primary importance even at  moderate angles of a t tack .  

Several  of t h e  s ign i f i can t  boundaries r e l a t i v e  t o  t a i l  pos i t ions  
and some notes on t h e  s ignif icance of the  areas  between t h e  boundaries 
a r e  given i n  f igu re  3 (b ) .  
t i o n  r e l a t i v e  t o  the  wing quarter-chord locat ion.  A boundary approxFmately 
i n  t h e  loca t ion  indicated by the  curve labeled "@"  w a s  f i r s t  given by 
Jaquet i n  reference 9 t o  separate regions where the increment i n  
through the  lift range of a t a i l  behind a 60' d e l t a  wing var ied by more 
then 0.05E (above boundary) from regions where the  increment var ied by 
l e s s  than O.O5E (below boundary). 
and t a i l  length w a s  l imi ted  t o  about two mean-aerodynamic-chord lengths 
behind the  center  of gravi ty .  Later, Mitchell  ( ref .  11) showed t h a t  
e s s e n t i a l l y  the  same boundary ( a  l i n e  incl ined loo above the  chord plane)  
could be in te rpre ted  as separating t a i l  pos i t ions  f o r  which the  downwash 
slope d c / h  becomes more pos i t ive  with increasing l i f t  (above boundary) 
from regions where dE/du becomes l e s s  pos i t ive  with increasing l i f t  
(below boundary). 
plan forms, some r e s u l t s  through t ransonic  speeds, and extended back 
about four  mean-aerodynamic-chord lengths behind the  center  of gravi ty .  
Subsequent t ransonic  da t a  ( r e f s .  12, 13, and 14)  revealed, however, t h a t  
it w a s  s a fe s t  t o  apply t h i s  boundary only within the  s u b c r i t i c a l  speed 
range, s ince downwash changes associated with shock s t a l l  are a t  times 
s ign i f i can t  within the  region immediately below the  100 l i n e  (curve 
labeled "@"  i n  f igu re  3 (b ) ) .  For a i rp lanes  intended t o  t raverse  the  
t ransonic  speed range it i s  considered t h a t  t a i l  posi t ions below a 
boundary t h a t  i s  s l i g h t l y  below the  wing chord plane (curve 0) are 
necessary i n  order t o  avoid s ign i f i can t  des tab i l iz ing  downwash changes. 

The coordinates a r e  t a i l  length and t a i l  posi-  

~C,/&!L 

Only low-speed r e s u l t s  w e r e  considered, 

Mi tche l l ' s  data  i n  reference 11 included several  wing 

I n  reference 9, Jaquet indicated t h a t  a high boundary might be 
des i rab le  so t h a t  t a i l  pos i t ions  above the  boundary would not encounter 
a des t ab i l i z ing  downwash va r i a t ion  within the  normal operat ional  range 
of f l i g h t  l i f t  coe f f i c i en t s  (below the  s t a l l ) .  The curve labeled " ~ "  

i n  f igure  3(b)  i s  a boundary representing t h i s  general viewpoint, which 
was ar r ived  a t  after consideration of a very la rge  mount of wind-tunnel 
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data, both published and unpublished. The in te rpre ta t ion  of this.bound- 
a ry  i n  t e r m s  of design appl icat ions warrants especial ly  carefu l  consid- 
e ra t ion  and w i l l  be dea l t  with i n  more de ta i l  i n  the  next section. 

Use of Design-Guide Chart f o r  Complete 

Airplane Configurations 

Although the  t a i l - o f f  s t a b i l i t y  boundary given i n  figure 3( a )  already 
has been discussed, a somewhat more spec i f ic  in te rpre ta t ion  i s  warranted. 
Wings having combinations of aspect r a t i o  and sweepback defined by the  
region above the  boundary (region 0) would be expected t o  exhi6it l o c a l  
noment slopes aCm/aCL less s tab le  somewhere below CL,- than t h e  
slope through CL = 0; whereas, within region @ the  l o c a l  slopes within 
the  pos i t ive  l i f t  range w i l l  generally be more stable than at 
Therefore, when a ta i l less  airplane i s  considered, w i n g s  on or s l i g h t l y  
below the  boundary would seem appropriate i f  losses  i n  s t a b i l i t y  are t o  
be avoided. Wings i n  region @ normally should be considered only i n  
combination with a t a i l  pos i t ion  t h a t  provides increased s t a b i l i t y  with 

increasing l i f t ,  t h a t  is, region @ i n  f igu re  3(b) i f  t h e  airplane i s  
intended t o  operate through transonic speeds, o r  e i t h e r  region @ or @ 
i f  operation i s  l imited below t h e  c r i t i c a l  Mach number. Based on pas t  
experience it should be recognized t h a t  when it i s  desired t o  use a wing 
represented by a point considerably above the  wing-fuselage s t a b i l i t y  
boundary, a correspondingly large s t ab i l i z ing  e f f e c t  of the  t a i l  should 
be provided a t  high angles of a t tack.  Thus, it may be des i rab le  t o  loca te  
t h e  t a i l  a subs tan t ia l  distance below the  appropriate boundary given i n  
figure 3 ,  and perhaps some addi t ional  means of reducing or  avoiding 
pitching-moment nonl inear i ty  may have t o  be provided. N o  attempt has 
been made herein t o  e s t ab l i sh  a means f o r  matching the  wing and t a i l  non- 
l i n e a r i t i e s  properly i n  order t o  obtain a spec i f ic  desired r e s u l t  f o r  
combinations employing wings displaced appreciably from t h e  boundary. 

CL = 0 .  

The t a i l -pos i t i on  boundary labeled "@ I t  i n  f igure  3(b)  i s  intended 
t o  define the  minimum t a i l  pos i t ion  required i n  order t o  delay the  occur- 
rence of severe increases i n  downwash (and the  associated l o s s  i n  t a i l  
contribution t o  s t a b i l i t y )  u n t i l  t he  e f f ec t ive  wing CL,- or  f i r s t  
major break i n  t h e  l i f t  curve has been passed. The use of wings defined 
by region @ i n  f igure  3(a),  i n  combination with the  high t a i l  posit ion,  
normally w i l l  r e s u l t  i n  avoiding s igni f icant  losses  i n  s t a b i l i t y  of t he  
configuration u n t i l  t he  l i f t  break has been passed. When t h i s  condition 
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i s  f u l f i l l e d ,  a f a i r l y  d e f i n i t e  s ta l l  warning i n  the  form of bu f fe t  o r  
a momentary increase i n  s t a b i l i t y  can be expected t o  precede!pitch-up. 
The eventual occurrence of pitch-up i s  almost a ce r t a in ty  unless some 
addi t ional  unique s t a b i l i z i n g  fea ture  i s  employed. 
elimination of t he  i n s t a b i l i t y  beyond the  s ta l l  have been accomplished 
by use of auxi l ia ry  horizontal  surfaces low on t h e  fuselage afterbody 
(refs.  13 and 16) o r  as a consequence of the  extended afterbody of a 
flying-boat h u l l  ( r e f .  17). 

Allevia t ion  and even 

The remarks t h a t  have been made r e l a t i v e  t o  designs with ta i ls  i n  
region (A) should perhaps be l imited t o  the  Mach number range within 
which no strong shock-wave interference between the  wing and the  t a i l  
e x i s t s .  Interference from the wing t ra i l ing-edge shock wave has not 
seemed troublesome; however, reference 18 has shown t h a t  some undesirably 
large s t a b i l i t y  changes can r e s u l t  from interference of a strong leading- 
edge compression wave w i t h  a high horizontal  t a i l .  

For airplanes required t o  operate through a t ransonic  speed range, 
the  use of t a i l s  a t  intermediate pos i t ions  (region @ of f igure  3(b)) 
w i l l  normally be associated with some degree of pitch-up, w i t h  l i t t l e  or  
no warning, regardless  of the  wing plan form. Experience has indicated,  
however, t h a t  the  sever i ty  of the i n s t a b i l i t y  var ies  considerably f o r  
d i f f e ren t  configurations and cannot be readi ly  an t ic ipa ted .  
r e f s .  19 and 20.) 

(See 

PRELlMMARY RFSIARKS ON INVESTIGATION OF EFFECTS OF 

LOW-ASPECT-RATIO WING 

The preceding discussion has covered the  use and in t e rp re t a t ion  of 
the  design guide. Many l imi ta t ions  a r e  recognized, and the  following 
sect ions of t h i s  paper present the r e s u l t s  of a wind-tunnel investiga- 
t i o n  of one geometric var iable  i n  which the  background information i s  
considered t o  be weak. The problem concerns the  range of wing aspect 
r a t i o s  f o r  which the  upper t a i l - p o s i t i o n  boundary (curve @) of f i g .  J(b$ 
r e t a i n s  the significance t h a t  has been described. 

I n  addi t ion t o  the f a c t  t h a t  the degree of wing-fuselage pitching- 
moment nonl inear i ty  i s  dependent upon aspect r a t i o ,  there  a r e  severa l  
reasons why aspec t - ra t io  l imi ta t ions  might be expected. For example, 
s ince aspect r a t i o  has a large e f f e c t  on the  va r i a t ion  of t he  wing l i f t  
with angle of a t tack ,  the  t a i l  pos i t ion  r e l a t i v e  t o  the wing wake f o r  a 
given l i f t  coef f ic ien t  w i l l  be dependent upon aspect r a t i o .  This might 
be espec ia l ly  important f o r  t a i l s  located i n  the  high pos i t ion  which a re  
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ap t  t o  be enter ing the  wake near the  s ta l l .  Also, configurations u t i -  
l i z i n g  low-aspect-ratio wings very of ten  have high values of t he  r a t i o  
of t a i l  span t o  wing span which could appreciably a l t e r  the  downwash 
cha rac t e r i s t i c s .  I n  order t o  determine the  degree t o  which these var i -  
ous e f f ec t s  might a l t e r  the significance of the  upper t a i l -pos i t i on  
boundary, wind-tunnel t e s t s  were made on a h igh - t a i l  configuration with 
the wing progressively clipped t o  provide lower aspect r a t i o s  and lower 
r a t i o s  of wing span t o  t a i l  span. Although only t h e  s t a b i l i t y  character-  
i s t i c s  w i l l  be discussed i n  detai l ,  the  l i f t  and drag data  w i l l  be pre- 
sented f o r  the  sake of completeness. 

MODEL, APPARATUS, AND TESTS 

A three-view drawing of t he  complete model showing the  general  
arrangement and some of the pertinent dimensions of the aspect-ratio-3.0 
configuration i s  presented i n  f igure  &(a) .  Shown i n  figure 4(b) a r e  t h e  
plan forms and dimensions of the  wings having an aspect r a t i o  of 1.55, 
2.0, and 2.5 employed i n  t h i s  invest igat ion.  Details of t he  fuselage 
are presented i n  f igu re  5 .  
i s  contained i n  reference 21. The model was t e s t e d  on the  sting-type 
support system shown i n  figure 6, and a strain-gage balance mounted 
inside the fuselage w a s  used t o  measure the  forces  and moments on the  
mode 1. 

A de ta i led  descr ipt ion of the  complete model 

The inves t iga t ion  was made i n  the  Langley high-speed 7- by 10-foot 
tunnel.  L i f t ,  drag, and pi tching moment were measured through a Mach 
number range from 0.60 t o  0.92 and an angle-of-attack range from about 
-2' t o  24'. 
based on the  mean aerodynamic chord of each wing i s  shown i n  f igu re  7. 

The va r i a t ion  of mean t e s t  Reynolds number with Mach number 

Blockage correct ions were determined by the  method of reference 22 
and were applied t o  the  Mach numbers and dynamic pressures.  
correct ions,  applied t o  the  angle of a t t ack  and drag, were calculated by 
the  method of reference 23. The jet-boundary correct ions t o  pi tching 
moment were considered negl igible  and were not applied t o  the  data. 
Corrections t o  the  drag coef f ic ien ts  f o r  buoyancy due t o  longi tudinal  
pressure gradients  were about 0.0016 t o  0.0017. 
not applied t o  the  data .  
would be small and, therefore ,  no tare correct ions were applied t o  the  
data .  

Jet-boundary 

These correct ions were 
Past  experience had indicated t h a t  tare values 

The angle of a t t a c k  has been corrected f o r  def lec t ion  of t he  s t i ng  
support system under load. No attempt has been made t o  correct  the  data 
fo r  ae roe la s t i c  d i s t o r t i o n  of t he  model. The drag r e s u l t s  have not been 
corrected t o  the  condition of free-stream s t a t i c  pressure a t  t h e  fuselage 
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base. T h i s  drag correct ion 
presented i n  f igure  8. The 
by adding the  base pressure 

(base pressure drag coef f ic ien t  CD,b) i s  
corrected model drag data may be obtained 
drag coef f ic ien t  t o  the  drag determined from 

t h e  strain-gage-balance measurements. 

TEST RESULTS 

The basic  aerodynamic data  of t he  various configurations are pre- 
sented i n  f igures  9 t o  12 without horizontal  t a i l  and w i t h  a hor izonta l  
t a i l  a t  two def lec t ions  ( O o  and - 3 " ) .  
the fuselage-alone pi tching moments a re  a l s o  presented. 
ure  13 is  a d i r e c t  comparison of the  longi tudinal  aerodynamic character-  
i s t i c s  of a l l  four  configurations with 

I n  p a r t  ( b )  of figures 9 t o  12 
Shown i n  f i g -  

it = Oo. 

The s t a b i l i t y  parameters ~ C L / &  and aCm/aCL of t h e  configura- 
t i ons  presented i n  figure 14 were taken from f igure  13. 
sented i n  t h i s  figure were measured between l i f t  coef f ic ien ts  from 0 t o  
about 0.3 .  Figure 13 shows the  r e l a t i o n  of the  tes t  configurations t o  
the  design guide boundaries of f igure  3. 

The slopes pre- 

S t a b i l i t y  i n  Low-Lift Range 

Before discussing the  r e s u l t s  i n  r e l a t i o n  t o  the design guide, a 
few r e m r k s  w i t h  regard t o  the e f f e c t s  of t he  aspec t - ra t io  changes on 
the  low-l i f t  s t a t i c  s t a b i l i t y  might be of i n t e r e s t .  I n  figure 1 4  the  
va r i a t ion  of the  s t a t i c - s t a b i l i t y  parameter 
slope a C ~ / a a  
aspect r a t i o s .  
o f f  configuration, and f igure  14(b) presents  those f o r  t h e  horizontal-  
t a i l - o n  configuration (it = 0'). 
although reducing the  aspect r a t i o  from 3.0 t o  1.55 resu l ted  i n  a large 
des tab i l iz ing  sh i f t  i n  the  aerodynamic center  f o r  the  t a i l - o f f  configu- 
r a t ion ,  it had l i t t l e  e f f e c t  on the  t a i l -on  configuration. This, of 
course, indicates  a large increase i n  the  t a i l  contr ibut ion t o  s t a b i l i t y  
with decreasing aspect r a t i o .  A n  analys is  of the  data showed tha t  t h i s  
could be accounted f o r  by the  wing l i f t -curve-slope decrease (which f o r  
a given l i f t  coef f ic ien t  places  the t a i l  a t  a higher geometric angle of 
a t t a c k )  and by the f a c t  t ha t  

aspect r a t i o .  The reason t h a t  ecL d i d  not increase w i t h  decreasing 

aspect r a t i o  i s  probably associated w i t h  the  f a c t  t h a t  with the  t a i l  i n  
the  high pos i t ion  the  increase i n  the  r e su l t an t  induced ve loc i ty  due t o  
t h e  inboard movement of the  wingtip vortex r e l a t i v e  t o  the  t a i l  i s  mostly 

aCm/aCL and the  l i f t - cu rve  
a r e  presented as a function of Mach number for the  various 
Figure 14( a )  presents  the  r e s u l t s  f o r  t he  hor izonta l - ta i l -  

O f  pa r t i cu la r  i n t e r e s t  i s  the  f a c t  t ha t ,  

d id  not increase with decreasing 
€CL 
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a sidewash component with respect t o  the  horizontal  t a i l  and, thus, less 
of the  resultant i s  converted t o  downwash on t h e  t a i l .  

I Aspect-Ratio Limitations t o  Design Guide 

A s  previously pointed out the  r e l a t i o n  of t he  t es t  configurations 
t o  the  design guide of f igure  3 i s  given i n  figure 15. A s  shown i n  
figure l5(a) the  aspect-ratio-3.0 wing t h a t  was swept 37' i s  above and 
t o  the  r i g h t  of t he  boundary indicat ing reductions i n  s t a b i l i t y  i n  t h e  
high l i f t  range. F r o m  t he  basic  moment data of t he  aspect-ratio-3.0 
configuration ( f i g .  9 ( a ) ) ,  reduced s t a b i l i t y  a t  t h e  higher l i f t s  were 
indicated with the  t a i l  o f f .  Following the  i n i t i a l  s tall  there  was a 
large increase i n  s t a b i l i t y  before the  occurrence of a sharp reduction 
i n  s t a b i l i t y .  
from the  s t a b i l i t y  i n  the  low l i f t  range of t h e  t a i l -o f f  condition; how- 
ever, a sharp pitch-up occurs following the  i n i t i a l  s ta l l  and subsequent 
increase i n  the  negative pi tching moment. 

Addition of t he  t a i l  does not grea t ly  a l ter  the departures 

L 
4 
2 
7 

I n  figure l5(a) it i s  seen t h a t  the  aspect r a t i o s  of 2.5 t o  1.55 
a re  below and t o  the  l e f t  of t he  boundary indicat ing increasing s t a b i l i t y  
a t  the high l i f t s .  
pitching-moment curves became increasingly s t ab le  up t o  the  usual  large 
increase i n  s t a b i l i t y  i n  the  s ta l l  region before encountering a pronounced 
unstable t rend.  (See f i g s .  l O ( a )  and l l ( a ) .  ) The progressive increases 
i n  s t a b i l i t y  i n  the  medium and high l i f t  range with the  t a i l - o f f  config- 
ura t ion  were reduced t o  such an extent with the  addi t ion of t he  t a i l  t h a t  
very desirable  l i n e a r  var ia t ions  i n  the  pitching-moment curves were pro- 
vided up t o  the  s ta l l  and i n  the grea t ly  increased s t a b i l i t y  region before 
pi tching up. 

With aspect r a t i o s  of 2.5 and 2.0 the  t a i l - o f f  

The aspect-ratio-1.55 configuration furnished p i t ch  cha rac t e r i s t i c s  
i n  the  medium l i f t  range t h a t  were similar t o  those of configurations 
having aspect r a t i o s  of 2.5 and 2.0. However, with t h e  t a i l  on, i n  the  
high l i f t  range the  usual pitch-up warning i n  the  form of a sharp increase 
i n  s t a b i l i t y  before pi tching up d id  not appear. (See f i g .  12(a) . )  Since 
the  t a i l - o f f  configuration did not evidence a pitch-up t rend  as pronounced 
a t  the highest  l i f t s  as tha t  of the  higher aspect-rat io  configurations, 
it appears t h a t  t h e  usual  wing s ta l l  was delayed beyond the  pitch-up 
caused by the  t a i l  enter ing t h e  wing wake. Thus, it would seem that 
appl icat ion of t he  boundaries established i n  f igu re  3(b)  w i l l  not be sat- 
i s fac tory  below an aspect r a t i o  of about 2.0, even though the  aspect- 
ratio-1.55 configuration i s  below and t o  the  l e f t  of the  boundary of f ig -  
ure 3(a) and near the  boundary of  f igure  3(b);  t h i s  r e s u l t  s ign i f i e s  
increasing s t a b i l i t y  at  high l i f t s  and a t a i l  pos i t ion  compatible with 
the wing-fuselage combination. 



It may a l s o  be seen tha t ,  i n  general, there  were s ign i f icant  reduc- 
t i o n s  i n  pitch-up warning when the t a i l  was added t o  the  wing-body con- 
f igu ra t ion  s ince the  large increases i n  s t a b i l i t y  before pi tching up 
with the t a i l  off  were markedly reduced with addi t ion of the  t a i l  regard- 
l e s s  of the aspect  r a t i o .  

CONCLUDING REMARKS 

A design guide has been suggested as a bas i s  f o r  indicat ing combi- 
nations of design var iables  f o r  which the p o s s i b i l t i e s  of pitch-up a r e  
minimized f o r  tail-behind-wing and t a i l l e s s  a i rplane configurations.  
The guide spec i f ies  wing plan forms t h a t  would be expected t o  show 
increased t a i l - o f f  s t a b i l i t y  with increasing l i f t  and plan forms t h a t  
show decreased t a i l - c f f  s t a b i l i t y  with increasing l i f t .  Boundaries 
indicat ing tail-behind-wing posi t ions tha t  should be considered along 
with given t a i l - o f f  cha rac t e r i s t i c s  a l so  a re  suggested. 

An inves t iga t ion  of one possible l imi t a t ion  of the  guide with 
respect  t o  the  e f f e c t s  of wing-aspect-ratio var ia t ions  on a h igh - t a i l  
contr ibut ion t o  the s t a b i l i t y  has been made i n  the Langley high-speed 
7- by 10-foot tunnel.  
found t o  be consis tent  with those of the  design guide through the  l i f t  
range f o r  aspect r a t i o s  from 3.0 t o  2.0. However, an aspect-ratio-1.55 
configuration d id  not provide the predicted pitch-up warning character-  
ized by sharply increasing s t a b i l i t y  at  the  high l i f t s  following the  

guide presented herein might not be applicable when the wing aspect 
ratio i s  l o w e r  than about 2.0. 

The measured pitching-moment cha rac t e r i s t i c s  were 

b i n i t i a l  s ta l l  before pi tching up. Thus, it appears t h a t  the design 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field,  V a . ,  March 26, 1959. 
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Short.1- w g g l n :  (Ref. 4). Refers t o  - n t - B m k  Nerr c . Appllomblc a t  l a  Bubsonio #peed. .  
L,P.3X 

Tmper r a t i o  not oonsidered. 

@ ?urlong-YoHugh: ( R e f .  5 ) .  Considered taper r a t i o ,  o w e  'horn l a  for X = 0 .  

0 Well - 0-J: 

6) l o  - Fournier: 

( R e f .  6 ) .  Refers t o  Yornt B r a k  N a r  CL,max . A p p l l o ~ b l e  through T n n s m i o  Speeds. 
Taper ratio not oonsidered. 

(Ref. 7). Refer. t o  Yaent Br-k a t  an). Angle of Attaok Through Tranmonio Speeds.  

Applloablc t o  HighlJ Tapered Wing8 Only ( A =  0 t o  0.4). 
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Figure 2.- Summary of boundaries that separate wings that a r e  character- 
ized by increased stability in the high lift range (area below and 
to left of curves) and wings with decreased stability in the high 
lift range (area above and to right of curves). 
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(a) Boundary related to wing plan form. 
- - .~ ___. _ _ _  - ~ 

@ Pitch-up of high l i f t  
generally preceded by 
s to / /  warning Type @ 
wings recommended ). 

@ Pitch-up without warning 

a t  subcriticol speeds 
f Types w ings recommended). 
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(b) Boundary related to horizontal-tail position. 

Figure 3.- Approximate design guide for selection of wing plan forms 
and horizontal-tail position for achieving minimum pitching-moment 
nonlinearity. A = 0 to 0.4. 
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(b) Plan-form characteristics of three of the wings investigated. 

Figure 4.- Concluded. 
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Figure 5.- Deta i l s  of fuselage.  All dimensions a r e  i n  inches. 
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Figure 7.- Variation of mean test Reynolds number with Mach number for 
four wings investigated. 
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Figure 8.- Variation of base pressure drag coefficient with angle of 
attack and test Mach number. Based on aspect-ratio-3.0 wing. 
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(a) Boundary related to wing plan form. 
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(b) Boundary related to horizontal-tail position. 

Figure 17.- Comparison of geometric variables of test wings of this 
investigation with the approximate design guide of figure 3. 
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